Objective The objective of this study is to determine mosaicism and its effect on blastocysts; abnormal blastocysts determined by molecular testing were sequentially biopsied and retested. Material and method We re-biopsied 37 blastocyst-stage abnormal embryos from eight patients, which were reanalyzed to determine the level of concordance between biopsies and inter-laboratory congruence between reputable commercial PGS laboratories. Results The main outcome measures were intra-embryo variation between sequential embryo biopsies and interlaboratory variation between two PGS laboratories. The compatibility between both aCGH and NGS was found to be 11 % (3/27). Importantly, 9/27 (33 %) of embryos originally reported to be aneuploid, upon repeat assessment, were found to be euploid. The concurrence for SNP array and NGS was 50 % (3/6), and 17 % (1/6) of these abnormal embryos tested normal upon re-evaluation with NGS. NGS resulted 41 % (11/27) normal results when 27 of CGH abnormal embryos were retested. Concordance between aCGH and NGS was 4 % (1/27) whereas in three instances, gender discrepancy was observed with NGS when aCGH abnormal embryos were reanalyzed. Conclusions The results of these studies reinforce the prevalence of inconsistencies during PGS evaluation of trophectoderm biopsies possibly due to variations in platform sensitivity and heightening concerns over the clinical tractability of such technology in human ARTs..
Introduction
Identification of aneuploid human embryos produced in vitro by recent advanced molecular genetic testing remains challenging because of high rates of mosaicism, atypical cell division, cellular fragmentation, sub-chromosomal instability, and micro-/multi-nucleation. Additionally, several of these processes occur in vivo following natural human conception, suggesting that they are not simply a consequence of culture conditions.
Numerical chromosome errors are known to be common in early human embryos and probably contribute significantly to early pregnancy loss and implantation failure in IVF patients [1, 2] . It is estimated that >50 % of all embryos contain at least one aneuploid cell [3] . Many of these aneuploidies are rarely, if ever, seen in later stage fetuses [4] . Molecular techniques have been utilized during IVF cycles to determine embryo ploidy including fluorescence in situ hybridization (FISH) [11] , comparative genomic hybridization (CGH) [5, 6] , digital polymerase chain reaction (dPCR) [7] , single-nucleotide polymorphism (SNP) array [8] , real-time quantitative PCR (qPCR) [9] , and next-generation sequencing (NGS) [10] . These technologies are reputed to provide enhanced sensitivity to detect the most competent embryo(s) for transfer.
Recently, questions regarding the reliability of preimplantation genetic diagnosis (PGD)/preimplantation genetic screening (PGS) testing for in vitro grown human embryos have been raised because of the chromosomal mosaicism [11, 12] . Mosaic embryos, which are comprised of both euploid and aneuploid cells, are difficult to identify as such, and when they are identified, they are traditionally not transferred because of their ambiguous viability [13] . Nonetheless, such embryos may remain the sole recourse for transfer in patients with very poor fertility prognoses [14] . The published literature suggests that older women do not benefit from PGS, and this makes sense in that most embryos in these patients will be aneuploid and additional screening seems somewhat redundant [15, 16] . Moreover, if these patients produce mosaics, they are often discarded, and this may be counterproductive as it has since been revealed that some mosaic embryos can produce healthy babies [16] .
These and some of our controversial data prompted us to assess PGD/PGS embryo testing results when the abnormal results were presented. Therefore, we examined the data accrued from our centers in which sequential biopsies, taken from the same embryo, were sent to two different established genetics laboratories.
Material and methods
All biopsies were trophectoderm biopsies that were obtained from day 5 or 6 expanded blastocysts by the same embryologists. After biopsy, blastocysts were cryobanked via vitrification [17] . The biopsy samples were analyzed using aCGH (Reprogenetics, Livingston, NJ) or SNP array (Natera, San Carlos, CA) in the first round. Embryos deemed to have an abnormal chromosomal content by virtue of the first PGS laboratory were subsequently thawed, re-biopsied after demonstrating viability, and then re-vitrified. These second biopsies were sent to a different genetic diagnostic laboratory and analyzed by either SNP array or NGS (Progenesis, La Jolla, CA).
For aCGH analysis, TE cell samples were amplified using the SurePlex DNA Amplification System (Illumina, Inc., San Diego, CA, USA), according to the manufacturer's protocol. Whole genome amplification (WGA) products were processed with 24sure V3 microarrays (Illumina, Inc.), according to the manufacturer's protocol.
For SNP genotyping, amplified single cells were genotyped using Illumina Infinium II genome-wide genotyping microarrays.
For NGS, WGA was performed using PicoPLEX® Technology according to the manufacturer's instructions (Rubicon Genomics, Ann Arbor, MI, USA). The data analysis was done by 100,000 to 200,000 reads and approximately 200-bp size per amplicon, totaling 20 million to 40 million base pairs per sample. All reads were filtered for polyclonals and aligned to the human genome database using Torrent Suite™ Software for Sequencing Data Analysis. Quality reads were scored for aneuploidy using Ion Reporter™ software (Thermofisher Scientific, Waltham, MA, USA).
Results
A total of 37 cryopreserved aneuploid blastocysts were maintained at the SIRM centers until the second biopsy was carried out by standard laser-assisted technique. Specimens were coded according to the instructions provided by the testing laboratories and then sent it in for analysis.
Outcome comparison between PGS testing methods
The tabulated results were summarized in Table 1 . The distribution of 37 abnormal embryos was as follows: 4 embryos were initially analyzed by aCGH then with SNP array; 6 of them were initially with SNP array then NGS; 27 of them were initially analyzed by aCGH then with NGS. Only 3/27 (11 %) of the embryos demonstrated complete compatible results between both aCGH and NGS. Importantly, 9/27 (33 %) of the originally reported aneuploid embryos, upon repeat assessment, were found to be euploid. On the other hand, the concurrence for aCGH and SNP array were 0 % (0/3). Originally reported abnormal embryos with aCGH, on repeat assessment with SNP array were found to be 100 % (3/3) normal. The agreement between SNP array and NGS were 50 % (3/6), and 17 % (1/6) of these abnormal embryos tested normal with NGS. When 27 of CGH abnormal embryos were retested, 11 of them (41 %) were determined completely normal by NGS. The concordance between aCGH and NGS was 4 % (1/27). Additionally, three embryos which demonstrated abnormal gender karyotypes (XXY) with aCGH were found to be completely normal by NGS. Furthermore, in three instances, the opposite gender was obtained with NGS when aCGH abnormal embryos were reanalyzed.
The data also demonstrated a high rate of mosaicism (44 % (16/36)) when two consecutive biopsy samples obtained from a same blastocyst.
Discussion
The main goal of PGS has always been the improvement of IVF success rates. In the rapidly evolving field of reproductive medicine, the introduction of new technologies or treatments is common practice. In an ideal world, such an introduction is preceded by scientific research which confirms the efficacy and safety of the intervention. Before its wide adoption clinically, any innovative technique should be validated by sufficient research as reliable, safe, and technically feasible.
Human race is considered to be a poor reproducer because of having very high natural abortion rate and having a number of chromosomal abnormalities during natural conception cycles. A study conducted on normal fertile couples with a risk for inherited genetic diseases that only 9 % of all generated IVF embryos had a normal chromosomal complement in all blastomeres and that nearly half of the embryos had no normal blastomeres [18] . Aneuploidy occurs because of inappropriate attachment of chromosomes to the mitotic spindle, partial inactivation of spindle checkpoint proteins or the amplification of centrosomes [19] . New array-based methods more recently next-generation sequencing [20] allowed screening of genome-wide copy number and specifically mosaicism and uniparental disomies in most cleavage-stage embryos but also frequent segmental deletions, duplications, and amplifications. However, several challenges remain, including the potential detriment of the embryo following biopsy for PGS [21] , chromosomal mosaicism between various cells or cell populations [22] , and the effects of sub-chromosomal aberrations [23] on subsequent development. Recent identification of common genetic variants, or DNA sequence variation, near genes in patients that are at high-risk for producing aneuploid embryos further complicates the already complex process of pre-implantation chromosomal instability [24] . Over the past decade, a large body of literature has been amassed related to genotype errors for microarrays. In particular, nondifferential genotyping errors, that is, errors that are the result of a random process unrelated to the phenotype, decrease power of the test.
With the advent of next-generation sequencing (NGS), multimarker analysis methods have increased in popularity. Recent papers demonstrate similar error rates are true for multimarker tests as well. To date, large error rates have been observed for sequence data [14] [15] [16] , much larger than were typical in microarrays [17] . Thus, there is the potential for substantial power loss and inflated errors for multimarker tests involving NGS data.
In our data set, the chromosomal evaluation by two different genetic testing methods (aCGH vs NGS) in the same embryo were corresponding in only 1/27 (4 %) embryos. Indeed, 11/27 embryos (41 %) in initial evaluation reported to be aneuploid, on repeat evaluation by NGS were reported to be normal embryos. An additional 8/27 (30 %) embryos were mosaic when aCGH was abnormal but NGS was normal. Besides, three embryos which demonstrated abnormal gender karyotypes (XXY) with aCGH were found to be completely normal by NGS. Likewise, in three instances, the opposite gender was obtained with NGS when aCGH abnormal embryos were reanalyzed.
Blastomere biopsy is presently the most adapted type of biopsy for PGS/PGD. TE biopsies from day 5 and 6 blastocysts enable detection of both mitotic and meiotic aneuploidies and allow cleavage-stage embryos the opportunity to Bself-correct^therefore improving the efficiency. However, comparisons of aneuploidy rates with blastomere biopsies versus TE biopsies are conflicting. Whereas studies using fluorescence in situ hybridization (FISH) have found similar rates of aneuploidy in cleavagestage and TE measurements [25] , studies using comparative genome hybridization (CGH) found low rates of aneuploidy in blastocysts compared with cleavage-stage measurements [26] .
In a recent study, Johnson et al. [27] and Capalbo et al. [28] demonstrated mosaicism were low in human blastocysts and the discordance rate between ICM and TE cells were negligible. These studies contradict with our data presented here, which showed high discordance rate in a consecutive biopsies from a same embryo. The abovementioned studies represents a significant underestimation is suggested by an earlier study of Fragouli et al. [29] who reported that among 52 investigated blastocyst-stage embryos, 32.4 % were mosaic, 30 % uniformly aneuploid, and 42.3 % uniformly euploid. The difference could be because of employing the same molecular technique between TE and ICM cells in case of Johnson et al., and employing only nine chromosome FISH analysis in Capalbo et al., whereas we tried to establish concordance between two different molecular platform. Although the true mosaicism rate in human embryos is not known, it was estimated around in the 30-50 % range, depending on female age and functional ovarian age [12] . Orvieto et al. [30] biopsied the top quality blastocysts three different spots and tested them by NGS. The results revealed 20.8 % inconclusive results and 16.6 % embryonic mosaicism. Their overall results had 35.7 % mosaicism or inconclusive results. Our observations demonstrated slightly higher rate of mosaicism (44 %) in the TE cells when two consecutive biopsied were carried over on the same blastocysts. We also observed nondisjunctional chromosomal error between those two samples. The source of nondisjunctional errors is challenging to be determined in this data setting since it could be from meiosis I, II, or during the mitosis.
The data presented here adds more complexity into the existing PGS debate and offers further evidence that the increasing unselective utilization of PGS could be harmful for a certain group of patients. There are very few studies directly comparing the specific laboratory techniques for assessing ploidy. Future studies are warranted to determine if any platforms are superior to each other and the extent of embryonic mosaicism in different patient populations. Furthermore, the number of genetic testing platforms and companies has grown notably, operating with little or no regulatory oversight. Interlaboratory platform differences may be significant contributors to the overall concerns related to the PGS testing. We believe that it is imperative for those involved such as genetic testing companies, clinicians, and professional organizations to seek and establish a system by which the performance/ accuracy of these tests/companies are independently verified on a regular basis. Such a system would builds the confidence in the technology/industry and benefits all parties involved. As it is suggested by the ASRM practice committee, Bother important considerations about PGS that must be addressed by further research include cost effectiveness, the role and effect of cryopreservation, time to pregnancy, cumulative success rates over time, and total reproductive potential per intervention.^We must also acknowledge that it is currently not established whether the lack of concordance was a result of a second biopsy with a different cohort of cells (i.e., mosaicism) or inherent lack of concordance between platforms or human error. We urge all involved parties to review the outcomes obtained via PGS and carefully reassess its applicability and validity.
